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論 文 内 容 要 旨          
The development and design of mechanical means of landmine clearing using flail machines 
requires a good knowledge of load transfer, and tool-soil-landmine interaction. A hammer effect 
exists in which a load from a flail hammer in the soil surface is sufficient enough to propagate in 
the soil body and trigger buried landmine without contact between the hammer and the landmine. 
Current machine designs are based on trial and error and no exact technical understanding of the 
forces at play in mine flailing operations is available. Understanding on how the hammer effect 
works and quantifying it, while also explaining how the a landmine or buried structure responses 
dynamically due the impulsive nature of the load in mine flailing operations would be a valuable 
resource in designing demining machines and optimizing the demining quality. 
 
Starting from available experimental data, a mechanical model based on point mass macro 
element method with viscoelastic connections is constructed to explain this phenomenon while also 
aims to determine how the buried structure responds dynamically. The problem at hand is unique 
due to its distinct application in which the impacting mass hits the soil surface directly and the 
buried structure is not fixed in place thus free to move in the soil medium. The model consisted of 4 
major systems: the contact between the impacting mass and the soil surface, the soil cushion above 
 
the buried structure, the buried structure itself and how the load is transferred to it and how it 
responses, and fourth is the reaction of the structure below the buried structure. The soil above the 
structure is constrained to a control volume soil column of height d of the burial depth and radius r 
of the buried structure. For explaining the behavior of soil under dynamic loading, the linking 
connection between the buried structure and the soil column is explained using a Burger’s general 
model while connection to the free soil under the structure is explained using a Kelvin model. 
Impulsive loading in the soil surface is explained using a modified Hertz contact theory between a 
rigid indenter and a deformable body.  
 
Comparison of the constructed model and an experiment using the same conditions and 
parameters is conducted. A guided free fall mass is utilized to impart an impulsive load from a free 
impacting mass to a soil body as to emulate the vertical loading of a mine flail. Two kinds of soil 
are used: sandy and clayey soils to differentiate the soil body response in the two soil types; 
foundry sand and red clay respectively is used for these two types of soils. The accompanying 
experiment proofs the constructed model is valid for explaining the transferred force and dynamic 
response of a buried structure from a vertical surface impact loading directly above it. Initially to 
explain the correlation between the burial depth and the soil column parameters a correction 
factor of א is used as a placeholder. A constitutive model is constructed and may be used as a 
starting point to model the reaction and force transfer in buried structure. 
 
Iterations and refinements of the model are conducted to accommodate all the major significant 
effects and occurrences during the mine flailing operations. The considered system is expanded to 
include the surrounding soil. Effects of the presence of the buried structure is considered and 
compensated as soil friction traction between the soil column and the surrounding soil. Answering 
the question of how if the load is not directly above the buried structure, the model is expanded to 
include more point masses to explain offset or off center loading. Load propagation n the lateral 
direction is also regarded thus expanding the model once again in the lateral direction. 
Considering the shape, geometry and inertial conditions of the buried structure, a rotational model 
of the buried structure is also constructed. Further changes are conducted by adding a plastic 
failure condition to the simulation, thus opening the possibility to calculate the buried structure’s 
displacement and utilization of the model for multiple impacts. Changing the failure condition in 
real time during the loading period also enables to account for the change in the soil parameter 
during the loading.  
 
How the soil’s parameter changes by burial depth are also elaborated using a graded soil 
parameter condition, thus omitting the need for a correction factor. The parameter of the soil 
elasticity E is varied as a function of depth z, which then correlates with the stiffness and damping 
constants of the model. Comparison with experimental data shows power law relationship between 
burial depth and soil elasticity. The applications of the theory for a soil cushion means inversing 
the soil thickness and using the top of the buried structure as the zero position. In general grade 
by depth exists a critical depth z0 when the the modulus of elasticity E is the same of that of a 
homogeneous material E0. In the burial case, there exists a minimal burial depth of z0 in where 
the relationship between z and E is valid. 
 
Final refinements are conducted in how the simulations handles inputs from constants to functions 
and other low level code modifications, thus allowing a streamlined use of the model. Due to how 
load propagates in the soil body in all direction symmetrically, a two dimensional model deemed 
adequate to cover an area.  
 
Furthermore, an apparatus to determine the dynamic soil parameter and an integrated sensor 
which acts as a buried landmine is proposed and constructed. Based on a rigid plate on the soil 
surface, an impact base device is designed and constructed. From the displacement of the plate due 
to impulsive loading, the dynamic elastic modulus of a free soil may be calculated. To fully emulate 
a landmine and measure the load and acceleration in two axes, an integrated sensor is constructed. 
A flexible element is designed so that the forces in two axes does not cross each other, which is then 
mounted in an encasing which also acts as a target plate while retaining the geometry of a typical 
landmine.  
 
Further experiments are conducted to validate the model, now considering the effect of offset 
loading and the lateral components of the load propagation. Grade 9 silica sand for sandy soil and 
Kasaoka clay as clayey soil is used in the experiments. A heavier set of drop mass is used in the 
guided free fall test. In various loading and burial conditions, the experiments gives good 
agreement with the model both in transferred force and the dynamic behavior of the buried 
structure and validate the model for offset loading and lateral effects while showing better 
agreement after the refinements than with that from the constitutive model. Lateral effects are 
minute compared to the vertical component, and in the field application it is disregarded, therefore 
for this study, no further inclination to the lateral component will be given. 
 
Comparison of the simulated data and experimental results shows good agreement between the 
two; and the final constructed model is deemed able to calculate the hammer effect and inversely 
be used as an operation parameter decider in mine flailing operations. Using the constructed 
model to calculate the minimum surface impact force needed to be imparted to detonate a 
landmine of a certain dimensions at a prescribed clearing depth with a prescribed triggering force 
would be an input parameter in optimizing a demining operation; and in the long run, to optimize 
mine flail designs. Since the model is based on general mechanical and geotechnical theories, the 
constitutive model may be utilized for other specific applications in studies in buried structures or 
various loading conditions in the soil surface. An initial expansion of the model’s use is to use it to 
model a falling weight deflectometer. In extension, the modified model is deemed to be able to 
detect the presence of shallow buried structures by comparing the dynamic response of the soil 
surface in the top part of the soil column. Though no closed form equation are generated due to the 
highly complicated dynamic system, the relationship between the imparted surface force and how 
it is transferred to a buried structure and how the structure responses may be quantified and 
reviewed using the constructed model and simulation with general soil properties and easily 
acquired parameters as input. 
（別紙） 
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論文審査結果の要旨 
 
 地下に埋設されている地雷は，その地域周辺で暮らす住民にとって大きな脅威であり，安全・安心な社会構築の
ために効率的な地雷除去技術の開発が急務になっている．これまでに多くの地雷除去技術が提案されているが，重
機による除去は比較的短時間に広範囲なエリアの地雷除去が可能であるなど効率的な手法である．その中でも重り
を回転させて地面に叩き付け，衝撃力を伝搬させて地雷を破壊させるフレール式地雷除去機械が有望視されている．
その理由は，地雷の爆破を受けても損傷するのは主としてフレール部であり，この部分は部品交換が非常に容易な
ためである．しかしながら，これまでに開発されてきたフレール式地雷除去機械は試行錯誤により設計が行われて
おり，ツール(重り)－地盤－地雷の相互作用の解析結果に基づく理論的設計は行われていないため，効果的な地雷除
去が行われてきたとは言い難い．そこで本論文では，ツール(重り)－地盤－地雷の相互作用を理論的に解析する物理
モデルを作成し，モデルによる衝撃力の地盤応答について解析するとともに，実験により物理モデルの妥当性につ
いて検討したもので，全6章からなる． 
  第1章は緒論である． 
  第 2 章では，フレール式のハンマー効果を解析するため，重り・地雷上部の地盤・地雷・地雷下部の地盤を考慮
に入れた4自由度1軸物理モデルを構築した．地雷上部の地盤応答はBruger’sモデルに基づいており，地雷下部の
地盤と地雷との接続はKelvinモデルに基づいている．本モデルは，地盤に加えられた衝撃力の地盤内伝搬と地雷の
相互作用を解析するための基礎モデルであり，フレール式地雷処理機械のハンマー効果を解析する基礎資料となり
得る有益な知見である． 
  第 3章では，第 2章で構築した物理モデルを用いて動的荷重の地盤内伝搬について数値的に解析している．その
結果，地雷上部の地盤が動的荷重により圧縮される際に横方向に膨張する影響を考慮する必要があることを指摘し，
物理モデルの拡張を行っている．さらにフレール式の特徴を考慮し，縦方向のみの動的荷重の地盤内伝搬だけでは
なく，荷重点を地雷の鉛直軸からずらしたオフセットローディングの場合についても解析できるように物理モデル
を拡張している．この成果は実際のフレール式地雷処理機械による作業に直接応用できるものであり，このような
物理モデルを構築したことは今回が初めての成果である． 
  第 4 章は実験的研究であり，球形の重りを用いて地盤表面への落下試験を行い，動的荷重の地盤内伝搬について
実験的に検討している．地盤内を伝搬してきた圧力波による地雷挙動を把握するため，圧力センサおよび加速度セ
ンサを組み込んだ地雷模型を作成し，地盤内に埋設した後，重りを落下させ，地雷に作用する力などを計測し，作
用力に及ぼす地質の影響や埋設深さの影響などを定量的に解析している．この成果は，実際のフレール式地雷処理
作業の効率化に貢献するものであり，有益な知見を与えている． 
  第 5章では，本研究で構築した物理モデルから計算される値と第 4章で得られた実験値との比較検討を行い，モ
デルの妥当性を評価している．地雷に作用する力のみは従来モデルでも推定可能であるが，実際の圧力波の挙動と
従来モデルから計算される圧力波の挙動は大きく異なっていたが，本論文で構築した物理モデルでは，作用力の大
きさのみならず圧力波全体の挙動を正確に推定できており，モデルの精度は格段に向上している．このモデルによ
り理論に基づくフレール式地雷処理が可能になったことは極めて有益な知見である． 
  第6章は結論である． 
  以上要するに，本論文は，今まで経験的に行われていたフレール式地雷処理に対して，重りによる衝撃力の地盤
内伝搬を理論的に解析する物理モデルを構築し，解析に基づく機械の最適設計および地雷処理の最適操業条件の把
握を可能にしたものであり，住民の安全確保に貢献するとともに，環境科学の発展にも寄与するところが少なくな
い．よって，本論文は博士(学術)の学位論文として合格と認める． 
 
